SUMMARY. Phagocytosis by human leukocytes, phagosomal pH and degradation of seven species of bacteria were studied by a flow cytometric method. The percentage of phagocytosing leukocytes was similar for all bacterial strains examined, but Salmonella typhi and Neisseria meningitidis were more slowly phagocytosed than other bacteria. The phagosomal pH surrounding the different bacterial species 15 min after the start of phagocytosis were; Streptococcus pneumoniae 4-4; N. meningitidis 4-9; Str. pyogenes 5.1; Staphylococcus aureus 5-2; Escherichia coli 5-3; S. typhi 5 4 ; and Klebsiella pneumoniae 5.7. For longer incubation periods, the phagosomal pH remained nearly constant. Staph. aureus, E. coli and s. typhi were the most readily degraded of the species tested. The proteins of all bacteria were degraded more rapidly than their DNA as determined by measurements of the loss of fluorescein-isothiocyanate-fluorescence and ethidium bromide-fluorescence, respectively. The rate of degradation varied from one bacterial species to another. The degradation of proteins and DNA was maximal for bacteria residing in a phagosomal environment estimated to be between pH 5.2 and 5-4.
INTRODUCTION
With the use of various species of bacteria it has been demonstrated that differences in microbial structure may affect the interaction between phagocyte and microorganism (Elsbach, 1980) . Capsular material may inhibit phagocytosis and surface proteins may influence ingestion and intracellular killing (Mims, 1982) . Some authors have claimed that certain bacterial components, such as DNA, remain relatively intact after phagocytosis (Elsbach, 1980) whereas others have assumed that ingested microorganisms are almost completely degraded by phagocytosing cells (Steinman and Cohn, 1974) . During phagocytosis the phagosomalpH becomes acidic, but there is still some controversy about the degree of acidification (Rous, 1925; Mandell, 1970; Jacques and Bainton, 1978; Segal et al., 1981) .
We have recently developed a flow cytometric (FCM) method for the study of phagocytosis by leukocytes (Bassare, Solsvik and Laerum, 1980; Bassare et al., 1983b; Bjerknes and Bassoe, 1983 ). The assay is based on the phagocytosis of fluorescein-isothiocyanate (F1TC)-labelled bacteria, and the discrimination and quantification of free bacteria, phagocytes and non-phagocytic cells by the simultaneous measurement of single-cell FITC-fluorescence and narrow-angle light scatter. Bacterial FITC-fluorescence, measured by FCM, is a sensitive indicator of pH and the fluorescence of phagocyte-associated bacteria is related to phagosomalpH (Bassoe et al., 19834 . After phagocytosis, degradation of bacterial proteins and DNA can be estimated by FCM (Bassare, 1984) .
The present investigation is a systematic comparison of phagocytosis by human leukocytes, phagosomal pH and bacterial cell degradation with seven species of bacteria. 1983). From these measurements the following parameters were calculated (Bassere et al., 1983b) :
1. The percentage of phagocytosing leukocytes was the number of fluorescent leukocytes 2. The bacteria-per-phagocyte numbers were the differences between the initial and final
Phagosomal pH. The fluorescence of FITC-labelled bacteria is a sensitive indicator of p H , because the bacterial fluorescence intensity is reversibly reduced when the environmental pH becomes acidic (Bassere et a/., 1983~). Thus, ingested FITC-labelled bacteria show less fluorescence than extracellular bacteria (Bassare et al., 19834 . Because only minor amounts of bacteria and fluorescent bacterial degradation products are released from the phagocytes within the incubation periods studied, the reduction of FITC-fluorescence of the phagocyte population corresponds to the phagosomal acidification (Bassere et al., 19834. For determination of phagosomal p H , the FITC-fluorescence signals of extracellular free bacteria and phagocytes were gated to make separate histograms, and the mean fluorescence of free bacteria and phagocytes determined (Bassere et al., 1983~). The phagosomal pH was then calculated as described below (Bassare et al., 1983~): 1. Phagocyte fluorescence (bacterial units) (Nf) was the mean FITC-fluorescence of the phagocyte population divided by that of the free bacteria (fe) and multiplied by 100;
2. The mean relative fluorescence of single phagocyte-associated (f) and free bacteria was calculated from the relationship f/fe = Nf/N where N is the mean number of bacteria per phagocytosing leukocyte; 3. Phagosomal p H was estimated from the f/fe values, using a standard curve of the relationship between FITC-fluorescence and environmental pH as described previously (Bassere et al., 1983~). Degradation of bacteria. When bacteria are stained with FITC under standardised conditions, the fluorescence is closely proportional to their total protein content (Bassare, 1984) . Bacterial DNA can be stained with ethidium bromide (EB) and the DNA content quantified from bacterial EB-fluorescence (Bassare, 1984) .
In the phagosome, ingested bacteria are exposed to enzymes which digest the microorganisms. When ingested bacteria are liberated from the phagocytes, reduced staining by EB is observed, and this has been used as an estimate of intracellular degradation of bacterial DNA (Bassere, 1984) . After liberation of ingested FITC-labelled bacteria by disruption of the phagocytes, a permanent loss of bacterial FITC-fluorescence is revealed. This reduction of FITC-fluorescence has been used as an estimate of intracellular degradation of bacterial proteins when measured at a pH of 7.4 (Bassere, 1984) .
To liberate the phagocyte-associated bacteria, the plasma membrane and the cytoplasm of the leukocytes were dissolved with the detergent Nonidet (NP40). After incubation for 15, 30 and 60 min, 100 p1 of each phagocytic suspension was added to 5 ml of a solution containing the detergent, RNAase (Sigma) and EB (Sigma) 1 mg/ml (Bassare, 1984) . Bacteria mixed with leukocytes immediately before the addition of detergent-EB solution served as controls. The intracellular degradation of phagocytosed bacteria was estimated, as described by Bassere (1984), as follows:
1. Degradation of bacterialproteins (%) was the mean FITC-fluorescence of the bacteria in the phagocytic suspensions (F) divided by that of the controls (Fo) and multiplied by 100; 2. Degradation ofbacterial DNA (%) was the mean EB-fluorescence of the bacteria in the phagocytic suspensions (F) divided by that of the control bacteria (Fo) and multiplied by 100; 3. Crude phagosomalprotease or DNAase enzymatic activity (E) was calculated from the loss of bacterial FITC-or EB-fluorescence by the formula:
divided by the total leukocyte count and multiplied by 100; numbers of free bacteria per phagocytosing leukocyte.
where t is the incubation time.
Statistical methods. Significance of correlation was determined by a student's t-test or by Wilcoxon's rank-sum test for paired samples. All measurements were performed at least three times on three different days with leukocytes from different volunteers.
RESULTS

Phagocy tosis
The initial rate of phagocytosis of S. typhi and N . meningitidis was lower than that for the other bacteria (table I) . However, the maximal number of S. typhi per phagocyte, measured after 60 min, was only slightly lower than that for Str. pyogenes, Str. pneumoniae and K . pneumoniae (0-05 > p > 0.02), Staph. aureus (0.02 > p > 0.01) and E. coli (0.01 > p > 0.001). In addition, the maximal number of N . meningitidis per phagocyte, measured after 60 min, was similar to that of Str. pyogenes, Str. pneumoniae and K. pneumoniae. The fraction of phagocytosing leukocytes was about 70% for all species of bacteria examined and subpopulations of phagocytes with different FITC-fluorescence were not observed. 
Phagosomal p H
After a period of 15 min, the phagosomal pH surrounding Str. pneumoniae was estimated to be 4-4, which was significantly lower than that for all the other bacteria (table 11). The phagosomal environment of K. pneumoniae had the highest pH, namely c. 5.7, and the other species of bacteria resided in phagosomal environments of intermediate pH. During longer incubation periods, the phagosomal pH remained nearly unaltered for the seven species of bacteria examined (table 11) .
Degradation of bacterial protein
For each species of bacteria examined, the mean FITC-fluorescence of bacteria from disrupted phagocytes at a pH of 7.4 decreased with increasing incubation time (figs 1 and 2) indicating intracellular degradation of bacterial proteins. After a period of 60 min, the FITC-fluorescence of E. coli and Staph. aureus was reduced by 45% and 44%, respectively, indicating that the proteins of these two bacteria were more readily broken down than the proteins of any other bacteria examined (0.02 > p > 0.01). For incubation periods longer than 15 min, K. pneumoniae showed more protein degradation than N . meningitidis and Str. pneumoniae (0.01 > p > 0.001). The proteins of the other species of bacteria were digested to the same extent ( fig. 2) .
Degradation of bacterial DNA
The mean EB-staining of each species of bacteria was reduced with increasing incubation time (figs 1 and 2), indicating intracellular degradation of bacterial DNA. After a period of 60 min, the DNA of E. coli and S. typhi was degraded by 32% and 33%, respectively. The DNA of E. coli was more rapidly degraded than that of K. pneumoniae (0.0 1 > p > 0-OOl), whereas the DNA of S. typhi decayed more rapidly than that of N . meningitidis and Str. pneumoniae (0.01 > p > 0.001). For the other bacteria the observed differences were not significant ( fig. 2) .
Relative protein and DNA degradation
The decay of bacterial FITC-fluorescence was compared with the decay of EB-fluorescence. The results indicated that the proteins of Staph. aureus, Str. pyogenes, K. pneumoniae and E. coli were degraded more rapidly than their own DNA (0.01 > p > 0.001) ( fig. 2) . For the other bacteria, the rate of DNA degradation did not differ significantly from the rate of protein degradation. However, in all parallel experiments, bacterial proteins were more extensively digested than DNA ( fig. 2) .
Phagosomal enzyme activities
The rate constants of crude phagosomal protease and DNAase activities were estimated from the loss of bacterial FITC-and EB-fluorescence after incubation for 15, 30 and 60 min. The protease activities diminished by about 12% in the period from 15 to 30 min, and then by about 35% during the next 30 min (p<O-Ol using Wilcoxon's rank-sum test). The DNAase activities were compared at the time intervals 0-30 min and 30-60 min of incubation. The DNAase activities in the latter were about 25% less than in the former (p < 0.01 using Wilcoxon's rank-sum test). 
Phagosomal p H and degradation of bacteria
To compare the estimates of phagosomal pH with the digestion of bacterial proteins and DNA, the bacteria were arranged according to increasing values of phagosomal pH (fig. 3) . As determined by the loss of FITC-and EB-fluorescence, Staph. aureus, E. coli and S . typhi were most readily degraded by human phagocytes. These bacteria resided in a phagosomal environment thepH of which was 52-54. The degradation of bacterial proteins and DNA was maximal within this range of phagosomal pH.
DISCUSSION
In the present investigation, FCM was used to study several parameters of phagocytosis by human leukocytes, phagosomal pH and the digestion of seven species of bacteria.
In parallel experiments, N . meningitidis and S. typhi were more slowly phagocytosed than the other bacteria. However, the percentage of phagocytosing leukocytes was similar for all the bacteria used and subpopulations of phagocytes, differing in FITC-fluorescence, were not observed. These findings indicate a lower rate of phagocytosis of N . meningitidis and S. typhi by each phagocyte, and not the absence of phagocytosis or poor phagocytosis by a subpopulation of the leukocytes. There has been some controversy about the degree of phagosomal acidification during phagocytosis. Thus, early investigators reported that the phagosomal pH may become as low as 3.0 (Rous, 1925) whereas Mandell (1970) , and later Segal et al. (1989, reported only mild acidification (pH 6.5) during phagocytosis. We found that the fall of phagosomal pH varied from one bacterial species to another and that the maximal phagosomal acidification ranged from about pH 4.4 to 5.7, confirming our own preliminary data (Bassare et al., 1983~) and those of other workers (Sprick, 1956; Jensen and Bainton, 1973; Jacques and Bainton, 1978; Geishow, D'Arcy-Hart and Young, 1981) .
The fall in phagosomal pH following phagocytosis has been attributed to production of lactic acid (Klebanoff and Clark, 1978) , to modification in Donnan equilibrium (Jensen and Bainton, 1973) or to the presence of H+-pumping ATPase (Jacques and Bainton, 1978) . Yet other reports have indicated that degranulation into the phagosome may be of importance (Styrt and Klempner, 1982; Bassare et ul., 1983~) . Because the various species of bacteria were all heat-killed and then incubated with leukocytes from the same volunteers and with serum from a standard source, the observed differences of maximal phagosomal acidification with the different species can probably be attributed to their different bacterial properties. Thus, whatever mechanism is responsible for phagosomal acidification, it seems likely to be influenced by the surface properties of the particle to be ingested.
The acidic phagosomal environment is important for microbial killing. Intracellular killing by the peroxidase-hydrogen peroxide system depends on an acid pH (Klebanoff, 1975) and acidity promotes the rate of superoxide reduction to hydrogen peroxide (Stossel, 1974) . However, phagosomal acidity per se may be bactericidal to some microorganisms, such as pneumococci (Klebanoff and Clark, 1978) . In this connection it is interesting to note that the lowest phagosomal pH observed by us was that surrounding Str. pneumoniae.
It has been claimed that bacterial DNA undergoes little or no detectable degradation after phagocytosis (Cohn, 1963; Elsbach et al., 1973; Elsbach, 1980) . However, digestion of DNA-anti-DNA complexes by human PMNLs and monocytes is documented (Lamers, de Groot and Roos, 1982) and DNAase has been demonstrated in PMNLs (Baggiolini, 1972) . In accordance with this, we found extensive reduction of EB-staining indicating degradation of bacterial DNA during phagocytosis.
As evaluated by loss of FITC-and EB-fluorescence, we observed significant variations in protein and DNA degradation among different bacterial species. The staining properties of bacteria have been claimed to correspond approximately to the degree of structural disorganisation that accompanies bacterial digestion. Thus, gram-positive bacteria are held to be more rapidly degraded than gram-negative bacteria (Elsbach, 1980) . Our findings suggest no such systematic difference in either the rate or extent of protein and DNA degradation between gram-negative and gram-positive bacteria.
The bacteria that were most readily degraded during phagocytosis resided in a phagosomal pH of c. 5-2-54. The digestion of bacterial proteins and DNA was maximal within this range of p H , which is close to the pH-optimum for RNAase, DNAase and most phagosomal hydrolases (Barret, 1969) .
With the use of the decay of bacterial FITC-fluorescence and EB-staining, respectively, as estimates of crude phagosomal protease and DNAase activities, both enzyme activities were found to have diminished with increasing incubation time. It has been reported that phagocytosing leukocytes inactivate their own phagosomal enzymes during phagocytosis (Voetman et al., 1981) , a suggestion in accord with our findings.
In conclusion, significant variations in the rate of phagocytosis by human leukocytes, phagosomal acidification and degradation of seven different species of bacteria were demonstrated. Thus, not only the ingestion but also phagosomal acidification and degradation seemed to depend on the species of bacterium interacting with the phagocyte. The observed differences should be taken into consideration when examining phagocytic functions in patients. The FCM technique used here is sensitive and allows the demonstration of small differences among different bacterial species.
